To develop next-generation lightweight, high-strength, and tough materials, new materials design strategies must be established. Nacre, consisting of 95 vol.% inorganic plates (CaCO 3 ) and 5 vol.% organic matrix (protein) in layered arrangements, is famous for its significant increase (three orders of magnitude higher) in toughness compared to monolithic aragonite and has always been the model for the synthesis of high mechanical performance artificial materials. In this review, we primarily introduce the recent studies on the synthesis of nacre-inspired composites with exceptional mechanical properties, including 1D fibers, 2D films, and 3D bulk materials. In addition, design strategies for performance enhancement are summarized based on these studies, and applications of high-performance nacreinspired composites are also discussed. Finally, a critical outlook of the future direction of developing next-generation high mechanical performance nacre-inspired composites is provided.
INTRODUCTION
One of the most ambitious goals in structural materials is to achieve exceptional mechanical properties, especially for an ideal combination of light weight, high strength, and high toughness 1 . Micro/nanostructured materials have constantly been studied since the 1990s, and some of these show remarkable mechanical properties, such as carbon nanotubes 2 , graphene 3 , nanometallic glass 4 , and ceramic nanoparticles 5 . However, only materials on the macroscopic scale can be applied to replace conventional structural materials. Hence, how to assemble micro/ nanomaterials on the macroscopic scale without sacrificing their mechanical properties is vital for fabricating next-generation lightweight and high mechanical performance materials. For many biomaterials, strategies to achieve the advantageous unification between structure and bulk properties have been through millions of years of evolution 6 . Nacre, the inner layer of shells, is one of the most outstanding examples of combining high strength and high toughness in a lightweight fashion, as the brickand-mortar structure is considered the primary contributor to its marvelous mechanical properties 7, 8 . Thus, mimicking nacre's micro/nanostructure in macroscopic artificial materials is an alternative way for scientists and engineers to fabricate high mechanical performance structural materials.
During the past few decades, many macroscopic structural materials with nacre-inspired uniform micro/ nanoarchitecture have been successfully synthesized, and their mechanical properties and functional applications have also been studied 9 . Since 2009, some reviews have been published to present the progress of nacre-inspired composites. Luz and Mano 10 summarized the synthetic design strategies of nacre-inspired composites in 2009 and recently discussed their biomedical applications 11 . Mayer 12 reviewed the mechanisms underlying the toughening in rigid natural composites. Cheng et al. reviewed the preparation of layered organic-inorganic nanocomposites inspired by nacre and discussed the advantages and disadvantages of various biomimetic strategies. Meyers et al. 13 reviewed all bio-inspired materials that show outstanding mechanical properties and focused on the relationships between structure and properties. Yu et al. 9 summarized the synthesis, fabrication, and applications of nacre-inspired layered nanocomposites and focused on the biomineralization process. Ritchie et al. 7 reviewed high-performance structural materials with bio-inspired architecture and discussed the advantages of bio-mimetics. Cheng et al. 14 focused on graphene-based nacre-inspired composites, which can effectively take advantage of graphene's excellent mechanical properties. Grunlan et al. 6 summarized the synthetic methods for mimicking different kinds of natural structures at the micro/nanoscale, and the recent progress in nacre-inspired composites was also mentioned. As an important factor in influencing the mechanics of biological materials, interfaces of nacre, bone and wood were discussed by Barthelat et al. and inspired design strategies for recently highlighted synthetic biomaterials 15 . Moreover, the comparison of biologically inspired materials with those prepared using additive manufacturing was reviewed by Studart et al. 16 . The reviews mentioned above are mainly focused on the methods to construct brick-and-mortar structure in artificial materials, the mechanisms underlying relationships between structure and properties and the applications in some fields. However, the mechanical properties of conventional nacre-inspired composites are reaching their limit, as only mimicking nacre's brick-and-mortar structure makes a limited contribution to further enhancing the performance of such materials 14 . Strategies for further improving the mechanical properties of nacre-inspired composites are not obvious but are in great demand. To summarize those strategies, the nacre-inspired composites in this review were categorized by dimensions, as the conditions to realize their functions must be considered when using these structural materials; for example, cables need one dimensional (1D) fibers, coatings need twodimensional (2D) films, and main bearing members need three dimensional (3D) bulk materials. Nevertheless, reviews that summarize the nacre-inspired composites with different dimensions and that discuss the advantages of different dimensional materials are uncommon.
In this review, we overview the recent achievements in the synthesis of high-performance nacre-inspired composites and divide them into different groups based on their dimensions, such as 1D nacre-inspired fibers, 2D nacre-inspired films, and 3D nacre-inspired bulk composites. The methods to produce different dimensional nacre-inspired composites are also introduced, and performance-enhancing strategies for different dimensional nacre-inspired composites are summarized and explained in detail. Applications of high mechanical performance nacre-inspired composites are also summarized. Finally, we provide a critical outlook of the development of next-generation high mechanical property materials by increasing interfacial interactions and optimizing the micro/nanoarchitecture, which will better satisfy the demand for high-speed development of engineering and industrial researchers.
Learning from nacre
Nacre shows a hierarchical layered architecture: a stacked structure composed of 95 vol.% aragonite calcium carbonate platelets and 5 vol.% organic (proteins and chitin) lamellae (Fig. 1) 7,17 . In nacre, the calcium carbonate platelets (width of 5-8 μm, thickness of 0.5 μm) serve as the brick (Fig. 1b) by providing strength, and the organic layer (thickness: 20-30 nm) serves as the mortar (Fig. 1b) by providing ductility capacity and energy redistribution at the microscale; together, they generate nacre's excellent mechanical properties 17 . Close investigation of the structure of nacre showed that the calcium carbonate platelets comprise millions of nanograins (~30 nm) glued together by a biopolymer (Fig. 1a) at the nanoscale 18 and that there are numerous mineral bridges encompassed in the organic layer (Fig. 1c) at the mesoscale 19 . It is obvious that the hierarchical architecture has two levels: calcium carbonate nanograins are glued together to form the calcium carbonate platelets, and the calcium carbonate platelets are stacked together to form the brick-and-mortar structure.
The mechanical properties of nacre have been carefully characterized by some modern testing methods, such as tensile tests 20 , compressive tests 21 , bending tests 17 , shearing tests 17 , and nanoindentation
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. The tensile strength and modulus of nacre along the lamellar direction are 80-130 MPa and 60-70 GPa, respectively 23 . In particular, the toughness of nacre is up to 1.24 kJ/m 2 , which is three orders of magnitude higher than that of calcium carbonate 24 . The hierarchical layered architecture of nacre mainly contributes to its impressive improvement in toughness without sacrificing strength 17 . When force is applied to nacre, the hierarchical structure generates limited deformation at the nanoscale to redistribute the energy as presented in Fig. 1d , including the breaking of mineral bridges between calcium carbonate platelets, shearing resistance contributed by nano-asperities, viscoelastic glue provided by the organic layer and tablet interlocking 25 . The mechanical behaviors mentioned above will generate crack deflection at the microscale during crack propagation (Fig. 1e) , which dissipates much more energy than a straight crack propagation path 26 . Crack tip deformation 26 , crack blunting 27 , and platelet pull-out 13 also occur during crack propagation to toughen nacre. In addition, recent research 28 demonstrated that the brittle calcium carbonate platelets can bend to some degree to further improve nacre's toughness.
Nacre-inspired composites
1D nacre-inspired fibers 1D fibers are widely used in modern society, such as for making yarns for clothes, for twisting into ropes to transfer a mechanical load, and for conducting electricity to transfer electric power 29 . However, the currently used materials cannot be strong and tough simultaneously; for instance, yarns are usually made from cotton fibers, which are tough but weak. 1D nacre-inspired fibers with high strength and high toughness have started to become an alternative to traditional fibers in various applications.
To date, graphene, which has extraordinary properties, is the material most widely used to synthesize 1D macroscopic fibers, and several methods have been developed, including wet spinning, self-assembly, dimensionally confined hydrothermal treatment, and chemical vapor deposition (CVD)-assisted assembly (Fig. 2) 30-34 . For instance, Xu and Gao 31 found that graphene oxide (GO)/reduced graphene oxide (rGO) nanosheets can form chiral liquid crystals (CLCs) in aqueous dispersions, which were subsequently precipitated into a methanol/NaOH coagulation bath and transformed into continuous fibers using a continuous process (also called the wet-spinning method) for the first time in 2011 (Fig. 2a) . The GO/rGO-based fibers show a microlayered structure and exhibit good mechanical performance (140 MPa at an ultimate elongation of 5.8%). Later, wet spinning was demonstrated to be relatively easy to scale-up to multiple spinnerets by Jalili et al. 35 . Through the complexation of GO nanosheets, Zhou and Kim 32 successfully introduced self-assembly behaviors similar to polyelectrolyte-polyelectrolyte systems to synthesize layered structures, which were subsequently drawn as a fiber by grabbing them with a tweezer and gently pulling them up (Fig. 2b) . Qu et al 33 . developed an efficient one-step dimensionally confined hydrothermal method to fabricate graphene-based fibers with a layered Fig. 3 1D nacre-inspired fibers reinforced by polymer crosslinking. a Polarized optical microscopy image of an as-spun gel-state GO fiber. b Corrugated surface, c near-circular cross-section, and d enlarged SEM image from c clearly showing the layered structure. e Optical images showing the formation of gel-state GO filaments as they exit the multi-hole spinneret for GO yarn synthesis. f Optical images of GO yarns produced as they are being pulled out from the bath for collection. g Tensile stress-strain curves of as-spun GO fibers prepared using various coagulation baths to induce crosslinking. Reproduced with permissions 39 . h-j Schematic illustration of the LCST strategy and the resulting composite fibers, which shows the formation of host LCs of 2D nanoplatelets with uniform nanochannels (h), incorporation of guest compounds (i), and wet-spinning assembly of complex LCs into nacre-mimetic fibers with hierarchical structures (j). Morphology of the final nacre-inspired fibers from cross-section (k) and surface (l) showing a well-layered structure. m, n Photographs of thirty meter-long GO-HPG fibers (m) and a mat of GGO-HPG fibers made by hand (n). o Tensile stress-strain curves for neat GO (1), GO-HPG (2), and GO-HPG-GA (3) nacre-inspired fibers. Scale bar: 3 μm (k), 5 μm (l), and 1 cm (m, n). Reproduced with permission 40 structure by reducing a concentrated GO dispersion hydrothermally within a cylindrical tube (Fig. 2c) ; the tensile strength of the resulting is up to 400 MPa after thermal treatment at 800°C. Chemical vapor deposition (CVD)-assisted assembly is another alternative method to fabricate nacre-inspired 1D fibers (Fig. 2d) . Zhu et al 34 . made graphene grow directly onto the surface of Cu wires by CVD, and graphene fibers can be synthesized after removing the Cu.
Although the mechanical properties of 1D fibers can be improved by introducing a layered structure into the fibers through the methods mentioned above, the mechanical properties are limited owing to weak layer interactions, irregular layered structures and defects. The strategies reviewed below include polymer crosslinking and ionic crosslinking, which are efficient in increasing interfacial interactions, and twisting, which can remarkably increase the uniformity and decrease the defects of nacre-inspired fibers.
Polymer crosslinking
Polymer such as polyacrylonitrile 36 , poly(vinyl alcohol) (PVA) 37 , and poly(glycidyl methacrylate) (PGMA) 38 were introduced as the soft phase to layered graphene fibers to optimize their mechanical properties and strengthen the interfacial interactions. For instance, Jalili et al. 39 developed a one-step wet-spinning method to synthesize graphene-based 1D fibers in coagulation baths with chitosan, as shown in Fig. 3e , f. The morphology of the nacre-inspired graphene chitosan fibers is shown in Fig. 3a-d . It is obvious that the fibers show a uniform layered structure (Fig. 3b, d ). Chitosan is a positively charged polymer that can not only crosslink with GO but also participate in polyionic complexation. The enhanced interfacial interactions generated a great improvement in the mechanical performance of the graphene-based fibers, the Young's modulus, strength and toughness of which were up to 22 GPa, 442 MPa, and 4.8 J/g, respectively (Fig. 3g) , which are much higher than those of previously reported layered graphene fibers.
However, the polymer crosslinking process only occurred on the surface of the 1D fiber, a limitation of the coagulation bath, and the different polymer layers were independent of each other; thus, the enhancement of the mechanical properties was confined 29 . Gao et al 40 . combined a liquid crystal self-templating (LCST) approach (as shown in Fig. 3h-j) with wet-spinning technology to continuously fabricate biomimetic composites. The LCST process could introduce a strong polymer binder (hyperbranched polyglycerol (HPG)) into the whole interface between GO layers (Fig. 3i) , which could fully take advantage of the polymer's mechanical optimization. After subsequent wet spinning, 1D GO-HPG fibers were synthesized, which showed a uniform layered structure (Fig. 3k, l ) similar to that in nacre. In addition, the length of the wet-spun fibers could be up to 30 m (Fig. 3m, n) , as the GO-based suspensions were more stable. The crosslinking between GO and the polymer and interactions Morphology of twisted graphene-based fibers: a typical dry-scrolled GO fibers, b quadruple overhand knot, c single knot, d self-coiled homochiral yarn, and e neat two-ply yarn. f Tensile stress-strain curves of fibers synthesized from films with different thicknesses. g Progressive fracture surface of a twisted fiber and h brittle fracture surface of a non-twisted fiber. Reproduced with permission 47 . i Schematic diagram of the two-step formation of nacre-like composite fibers. j Overall SEM image of twisted PVA-graphene. k Corresponding surface morphology. l Low-magnification and m high-magnification SEM images. n Typical tensile stress-strain curves. o Progressive and p brittle fracture surface. Reproduced with permission 48 between layers were enhanced owing to the fully immersed polymer, generating an exceptional combination of strength and toughness, i.e., up to 555 MPa and 18 MJ/m 3 ( Fig. 3o ), which were 4 times and over 10 times higher than those of nacre, respectively (strength of 80-130 MPa and toughness of 0.1-1.8 MJ/m 3 ). Furthermore, the strength of the fiber could be continuously promoted by introducing glutaraldehyde (GA) into the layered composites, which could crosslink with both HPG and GO to further improve the interlayer interactions. The fracture strength of the GO-HPG-GA fibers was 652 MPa (Fig. 3o) , which was the highest at that time.
Ionic crosslinking
Based on the buried inorganic−organic interfaces derived from the various ions or ceramics in nacre, such as Mg 2+ , Al 2 O 3 , and ZrO 2 41 , introducing metal ions into artificial nacre-inspired composites is another way to further improve their mechanical properties by enhancing interfacial interactions. Some divalent cations, e.g., Ca 2+ , Mg 2+ , and Cu 2+ , that have been demonstrated to readily react with carboxylate functional groups were adopted in the layered graphene fibers to increase the initial interfacial interaction 42, 43 . For instance, Gao et al. 42 successfully fabricated Ca 2+ /Cu 2+ -reinforced graphene-based fibers with a layered architecture by introducing the corresponding metal ions in the coagulation bath during the wet-spinning process. In addition, giant graphene oxide (GGO), which could efficiently reduce the defective edges of 1D fibers and make the layered structure more ordered, was used here to synthesize the layered fibers. As a result, the morphology of the synthesized fibers was indeed more uniform and ordered, as shown in Fig. 4a -l. EDS maps (Fig. 4l ) demonstrated that Ca 2+ was evenly distributed between the GGO layers. As expected, the Ca 2 + -reinforced GGO fibers showed high strength (364 MPa) and high toughness (fracture strain of 6.8%); the strength was 2 times higher than that of the fibers without Ca 2+ reinforcement (Fig. 4m) . Notably, after reduction of GO (RGG), the fracture strength of the Ca 2+ -reinforced RGG layered fibers was increased to over 500 MPa, a record value at that time.
Recently, Cheng et al 44 . successfully synthesized Ca 2+ -reinforced GO/rGO-pentacosadiyn-1-ol (PCDO) layered fibers by a combination of wet-spinning and dipcoating methods, as shown in Fig. 4p . Ca 2+ -reinforced GO fibers were synthesized first by introducing Ca 2+ into the coagulation bath through wet spinning and subsequently combining it with PCDO through dip-coating. The final rGO-Ca 2+ -PCDO hybrid fibers were synthesized after reducing GO (Fig. 4p) . The morphology of the rGO-Ca 2+ -PCDO nacre-inspired fibers, which was Fig. 4s ). In particular, the tensile strength of these novel fibers was the highest to date. Ionic bonding with Ca 2+ and covalent bonding with PCDO in the hybrid fiber synergistically contributed to the outstanding improvement in its mechanical properties. When a load was applied to the fiber, the crosslinking caused by Ca 2+ and PCDO restricted the sliding and pull-out of the rGO nanosheets (Fig. 4) , which would dissipate a huge amount of energy and enhance the performance of the fibers.
Twisting
A clear disadvantage of 1D nacre-inspired fibers synthesized by the wet-spinning method is their rough surface, which generates self-abrasion and unwanted stress concentration under loading and results in unexpected breakage 45 . Twisting is a common way to scroll carbon nanotubes into 1D fibers with fewer defects and a smooth surface 46 . Introducing twisting to nacre-like layered graphene fibers may solve the problem of their rough surface. Based on twisting, Kim et al 47 . synthesized a film with enhanced toughness by bar coating water-based dispersions of GO followed by drying at room temperature and subsequently scrolled the film into fibers with a layered structure. The morphology and knot architecture of the fibers are shown in Fig. 5a -e, and it was obvious that the surface of the fibers synthesized by twisting was smooth. The mechanical properties depended on the thickness of the layered GO films before twisting (Fig. 5f ), and the max elongation of the fiber is up to 80%, superior to those of previously reported wet-spun fibers. The progressive fracture process of the twisting fiber (as shown in Fig. 5g ), which resulted from the increased complexity of the hierarchical architecture compared to that of fibers synthesized by wet spinning (Fig. 5h) , could dissipate much more energy to achieve excellent toughness and ductility.
Recently, a 1D graphene-PVA fiber with a nanoscale nacre-like brick-and-mortar structure and microscale twisting was successfully fabricated by Kotov et al. 48 . They developed a shear-induced self-assembly method combined with twisting technology (Fig. 5i) to synthesize the multiscale reinforced nacre-like fibers. The morphology of the fibers is shown in Fig. 5j -m. The uniform nacre-like layered structure (Fig. 5k ) and smooth surface (Fig. 5l, m ) . f Fabrication strategy for the synthesis of ionically crosslinking nacre-like films. g, h Cross-section of GO-based layer films before (g) and after (h) ions were introduced. i Comparison of the tensile strength and toughness of ionically crosslinked films and other nacre-inspired binary films. Reproduced with permission 64 could be easily observed. After twisting, the fiber showed a spring-like macroscopic structure (Fig. 5j) and exhibited an exceptional elongation at break (over 400%), 100 times and 4 times higher than those of pure graphene fibers and PVA-graphene fibers without the twisting structure, respectively. The fracture surface of the twisted nacre-like fiber indicated a progressive process (Fig. 5o) , while the common nacre-like fiber with a belt-like structure showed a relatively flat fracture surface (Fig. 5p) The synergetic reinforcement between the nanoscale brick-and-mortar structure and macroscale twisted spring structure contributed to the marvelous toughness observed.
2D nacre-inspired films
2D films have been linked to human civilization for several thousand years. Paper, which was invented during the Han dynasty in China to store information, is a typical 2D cellulose film. Today, the applications of films have been expanded to many fields, such as construction, industrial packaging, functional coatings, and flexible devices 29 . Unfortunately, the weak mechanical properties of traditional 2D films extremely restrict their further applications.
Nacre provides us with a way to synthesize high mechanical performance 2D films by introducing the brick-and-mortar layered structure into artificial materials. Through scientists' unremitting efforts, several assembly methods (Fig. 6 ) have been developed to produce nacre-inspired 2D films since 2003 [49] [50] [51] [52] [53] . Kotov et al. 54 successfully synthesized a clay/polymer-based nacre-like film by sequential adsorption of montmorillonite platelets (MTM) and polycationic poly(diallyldimethylammonium) chloride (PDDA) on a substrate. Cyclic repetition of the organic-adsorption/rinsing/inorganic-adsorption/rinsing process (usually called layer-bylayer assembly) resulted in a thin MTM-PDDA film with multiple layers (Fig. 6a) . The nacre-like MTM-PDDA film showed a fracture strength and strain of~105 MPa and 1%, respectively, which are approximately equal to those of nacre. The mechanical properties of nacre-like claybased films synthesized by LBL assembly could be promoted by modifying the MTM 55 and crosslinking the polymer 56 . To further arrange the layer structure of hybrid films synthesized by LBL assembly, centrifugal force 50 or electric/magnetic attraction 51 was introduced in the LBL process as new methods called dip-coating (Fig. 6b ) and electromagnetic deposition (Fig. 6c) , respectively. However, an obvious disadvantage of the LBL method is that it is time-consuming; thus, films synthesized by LBL assembly are limited to sub-5 μm thicknesses 8 . To effectively increase the thickness of nacre-inspired films, some self-assembly methods such as blading 52, 57 (Fig. 6d) , filtration 51 ( Fig. 6e) , and evaporation 53, 58 ( Fig. 6f) were developed in the following years. For instance, clay nanosheets (MTM) coated with a soft polymer (PVA) were driven to rapidly self-assemble into aligned nacre-like films by a filtration method 51 . The thickness of the film could reach over 200 μm, which was dozens of micrometers thicker than films fabricated by LBL assembly. The fracture strength and strain of the MTM-PVA film were approximately 160 MPa and 1%, respectively, which are superior to those of nacre.
The development of 2D nacre-inspired films has consistently focused on mimicking nacre's brick-and-mortar structure in artificial materials, yet the complex interfacial interaction in nacre contributing to its remarkable mechanical properties should not be ignored 9 . Some synergistic interactions generated by biomolecules, ions, 1D nanofibers or 2D nanosheets have been demonstrated to be able to promote the mechanical properties of layered 2D nacre-like films, which are reviewed in detail in the following section.
Interfacial crosslinking
Dopamine (DA) is a typical biomolecule involved in mussel adhesives that contains both catechol and amine functional groups. Cui et al. 59 adopted dopamine as a soft phase and combined it with GO to synthesize a layered nacre-like film through an evaporation method (Fig. 7a) . The advantages of using DA was that DA can not only react with GO to form covalent bonds but also selfpolymerize into long-chain polymers of poly(dopamine) (PDA) through its abundant functional groups (Fig. 7b) . The strong interfacial crosslinking resulted in the curving of the GO sheets in the hybrid film (Fig. 7c, d ). The synergistic effects of covalent bonding and hydrogen crosslinking between GO and PDA simultaneously increased interfacial interactions and contributed to the film's exceptional mechanical properties. After reduction by HI, the rGO-PDA nacre-like film showed a tensile strength of 204 MPa and a toughness of 4 MJ/m 3 , 1.5 and 2 times higher than those of nacre, respectively (Fig. 7e) . Some other organic molecules, such as silk fibroin (SL) 60 , chitosan 61 , and a combination of 1-aminopyrene and disuccinimidyl suberate (AP-DSS) 62 , were also introduced into nacre-inspired films to enhance their mechanical properties. For instance, the rGO-SL layered films showed a strength as high as 300 MPa, which was a record value at that time 60 . Recently, a nacre-like MTM-PVA film crosslinked by GA exhibited a fracture strength of up to 315 MPa and showed good barrier and flame-retardant properties simultaneously when coated with polylactic acid (PLA) 63 .
As discussed in the section on 1D nacre-inspired fibers, interfacial interactions can be improved by introducing ions into the hierarchical layered systems. Similarly, incorporating ions into 2D layered films can also crosslink the interlayers by forming additional chemical bonds. Chen et al. 64 fabricated a typical class of artificial nacre mimics by assembling hybrid graphene oxide/carboxymethylcellulose (GO/CMC) building blocks and then intercalating three different types of metal ions (M n+ ) via the vacuum-assisted filtration (VAF) method (Fig. 7f) . Owing to the crosslinking between M n+ and the oxygen (O)-containing groups of the two components, layers with metal ions (Fig. 7h) were compacted compared to those without ions (Fig. 7g) . Different ions generated different bonding energies between M n+ and O, which leaded to various enhancements in mechanical properties. The bonding energy between Al 3+ and O was strong; thus, the film reinforced by Al 3+ presented an outstanding tensile strength of 300 MPa. In contrast, the zigzag long-chain structure of, for example, (TiO) n 2n+ toughened the film and generated an excellent improvement in toughness of up to 20 MJ/m 3 . The synergistic crosslinking induced by metal ions in other systems such as chitosan (CS), poly (methyl methacrylate) (PMMA), and chitosan/montmorillonite (CS/MTM) was also investigated by Chen et 67 . recently synthesized a GO-CMC nacre-like film reinforced by borate, which then triggered a strong crosslinking reaction between GO and CMC, resulting in improvements in fracture strength and toughness of up to 480.5 MPa and 11.8 MJ/m 3 , respectively. In addition, artificial nacre with shape-memory properties can be developed by introducing Ca 2+ into an MTM-alginate system 68 .
Nanofiber reinforcement
Incorporating the synergistic interactions from 1D nanofibers and BM structures is another approach to achieve an improvement in artificial layered films, which is based on the existence of 1D nanofibrillar chitin in nacre 17 . Studies on ternary artificial composites have Wang et al. 53 adopted nanofibrillar cellulose as the third phase to synthesize a MTM-NFC-PVA ternary nacre-like artificial film via an evaporation method (Fig. 8a) . The film was self-supporting, transparent and bendable (Fig. 8b) .
The morphology of the ternary artificial nacre is shown in Fig. 8c, d . NFCs could be easily distinguished in the crosssection and were evenly distributed in interfaces between the MTM and PVA layers (Fig. 8d) . The NFC-reinforced clay-based nacre-like film exhibited a combination of high strength and high toughness, i.e., up to 302 MPa and 3.72 MJ/m 3 , respectively (Fig. 8e) , which are two times higher than those of nacre. Compared to that of binary films such as MTM-PVA or NFC-PVA, the mechanical performance of ternary artificial films was higher, further demonstrating the advantages of synergistic reinforcement effect of 1D nanofibers and 2D nanosheets. In addition, the ternary film showed a fatigue-resistant property, with its strength decreasing only approximately 19% after over 10,000 cycles (Fig. 8f) . A crack extension model including crack bridging, crack deflection and platelet pull-out was proposed to explain the strengthening and toughening mechanisms. In addition, Isogai et al. modified nanofibrillar cellulose with 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) and combined it with saponite (SPN) platelets to form ternary artificial nacre exhibiting a tensile strength of 420 MPa and strain-to-failure of 10% 69 . 1D carbon nanotubes (CNs) with a modulus of 1 TPa are another building block commonly used to reinforce nacre-like films. Gong et al. 70 reported an integrated strong and tough graphene-based nacre-like film reinforced by double-walled carbon nanotubes (DWNTs). The synthetic process is illustrated in Fig. 8g . GO and DWNTs were first assembled into a layered structure via an evaporation method. Then, PCDO was grafted to the GO and crosslinked by the polymerization of their diacetylenic units under UV irradiation. After reduction of Fig. 11 3D nacre-inspired bulk materials reinforced by ordered bridges. Morphology of a freeze-dried samples, b sintered samples, and c CE interfiled composites, all of which show a bridge-reinforced lamellar structure (also called a 3D interlocking structure). d Typical bending stress-strain curves. e Typical compressive stress-strain curves from both quasi-static and dynamic tests. f A summary of the flexural strength and strain of 3D IL, LC, and reference bulk ceramic/polymer composites. g A summary of the specific strength and density of alumina-based composites. h-j Crack propagation process observed in situ by SEM. k Sketch of the toughening mechanism under quasi-static conditions. l Sketch of the strengthening mechanism under dynamic conditions. Reproduced with permission 89 GO by HI, the final rGO-DWNT-PCDO ternary nacrelike film was formed, the morphology of which is shown in Fig. 8h , i. DWNTs were uniformly distributed in the film and were bridging the rGO and PCDO layers. The ternary graphene-based films reinforced by DWNTs showed high mechanical properties with a tensile strength of 374.1 MPa and a toughness of 9.2 MJ/m 3 , superior to those of similar binary nacre-inspired films (Fig. 8j) owing to the strong reinforcement effect of the DWNTs. Other 1D nanofibers, such as vanadium pentoxide (V 2 O 5 ) 71 and zirconium diboride 72 nanofibers, were also used to achieve enhanced mechanical properties. Specifically, ternary artificial nacre reinforced by V 2 O 5 nanofibers showed good shape-memory performance as well as excellent strength and toughness owing to the novel synergistic effects of the 1D and 2D blocks.
Nanosheet reinforcement
The addition of 2D nanosheet building blocks can also be used to enhance the mechanical performance of nacrelike films. Clay nanosheets such as MTM and disulfides such as MoS 2 and WS 2 have been demonstrated to effectively strengthen and toughen nacre-inspired films [73] [74] [75] . For instance, Wan et al. 73 introduced MoS 2 nanosheets to synthesize an rGO-based ternary artificial nacre film (rGO-MoS 2 -thermoplastic polyurethane (TPU)) via the VAF method. The MoS 2 nanosheets were lubricated and strong, making them easy to slide but hard to break and generating crack deflection during the crack propagation. As expected, the mechanical properties of the ternary nacre-inspired films were indeed improved compared to those of the binary films, exhibiting a strength and toughness of 235 MPa and 6.9 MJ/m 3 , respectively. The nanosheet-reinforced ternary artificial nacre film mentioned above was prepared according to the strategy of adding the reinforcing nanosheets randomly into a traditional binary system, which partially decreased the uniformity of the layered structure. Recently, Guo et al. 76 successfully grew amorphous alumina nanosheets (AA) in situ on the surface of GO, and the hybrid nanosheets (GO@AA) were subsequently assembled into a layered film via the VAF method (Fig. 9a) . The film was self- . f Fabrication scheme of synthetic nacre through in situ mineralization. g, h SEM images from the cross-section and top section, respectively. i, j Low-and high-magnification SEM images of the fracture surface. Scale bars, 3 μm (g); 100 μm (h); 40 μm (i); and 2 μm (j). Reproduced with permission 83 supporting and bendable (Fig. 9b) . The ternary film exhibited a very ordered layered structure (Fig. 9c) , and the AA nanosheets were evenly distributed in the interface between the GO and polymer layers (Fig. 9d) . The uniform ternary film showed a good combination of high strength (305 MPa) and high toughness (8.2 MJ/m 3 ), which were 2.3 and 4.3 times higher than those of nacre, respectively, representing a record strength and toughness at that time (Fig. 9f) . A crack-propagation mode, including pull-out and long-range crack deflection, was proposed here to explain the outstanding mechanical properties. The surface morphology at tensile fracture was rugged (Fig. 4g, h) , which confirmed the "pull-out" mode. The formation of this long-range crack deflection (Fig. 4i,  j) during crack propagation can be attributed to the restrictions imposed by the AA layer on the sliding properties of the GO and the reinforcement of the stiffness of the GO@AA layer. This study provided a new path to synthesize ternary artificial nacre by the ordered assembly of three components instead of by random assembly.
Recently, Wagner et al. synthesized a Laponite-PVA lamellar film through LBL assembly and reinforced it by incorporating GO nanosheets and GA-induced chemical crosslinking simultaneously. The mechanical properties of the crosslinked ternary artificial nacre were much improved compared to those of the original binary film
.
3D nacre-inspired bulk materials 3D bulk materials are used everywhere in human society owing to their tractable character, including building blocks for construction and wood for furniture. Lighter, stronger and tougher have always been the targets in the development of bulk structural materials 29 . Considering that nacre's exceptional mechanical properties are generated by its brick-and-mortar structure, incorporating its . h Schematic of the laser engraving method. i Representative volume element (RVE) of the material with a bowtie-shaped interface. j Optical image of the engraved area of the material with a bowtie-shaped interface. k Typical tensile stress-strain curves and the corresponding optical images of the resulting damage. l Toughness comparison of samples with/without the modified bowtie-shaped interface. Reproduced with permission ordered architecture into bulk materials provides us with an approach for novel structural materials with better mechanical performance.
Constructing a layered structure in bulk materials was first achieved by assembling some macroscopic tablets such as SiC and Si 3 N 4 into layered composites through pressing, tape casting or slip-casting methods 8, 78 . However, the layer thickness of traditional layered materials was at the macroscale (dozens of millimeters), 3-5 orders of magnitudes thicker than that of nacre (hundreds of nanometers), which extremely limited improvements in their mechanical properties. Recently, some new assembly methods, such as freeze-casting, magnetically assisted slip-casting (MASC), coextrusion, self-assembly, additive manufacturing and mineralization, have been developed (Fig. 10) to synthesize nacre-inspired bulk materials with more compact microstructures 7, [79] [80] [81] [82] [83] . Inspired by the freezing process of sea water, Tomsia et al. invented a directional freezing process (freeze-casting) to assemble nanoparticles into a target lamellar architecture (Fig. 10a) 
84
. Introducing a magnetic field during the traditional slip-casting method (MASC) allowed control of the orientation of superparamagnetic nanoparticle-coated nanoplatelets to form heterogeneous lamellar microstructures (Fig. 10b) , which has been demonstrated by Studart et al. 79 . Coextrusion is another alternative approach to synthesize bulk lamellar composites efficiently 80 . Specifically, a feed rod of material was produced with specific core and shell diameters; the aspect ratio was preserved during extrusion as the rod cross-section is reduced down to a filament. The filament was then sectioned into individual pieces, representing individual "bricks" in a brick-and-mortar structure (Fig. 10c) 
80
. Recently, iron oxide nanoparticles were self-assembled into organic molecule-oriented supercrystals with a lamellar structure (Fig. 10d) , which show exceptional mechanical properties 81 . However, the concern with those methods is that the fabricated microstructure is not as uniform as that of nacre. Additive manufacturing methods (Fig. 10e) such as 3D printing and laser engraving were employed to synthesize nacre-like bulk materials with a more regular lamellar architecture, as they were pre-programmed 82 . Recently, mineralization (Fig. 10f ) mimicking nacre's biomineralization process was investigated to fabricate nacre-inspired bulk composites, which could generate highly controllable structures throughout the whole bulk materials. The most obvious advantage of this method is that the prepared brick-and-mortar structure is the most similar to that of nacre from the nano-to macroscale 83 . Inspired by the mineral bridges, 95% fraction of CaCO 3 platelets and hierarchical interfacial interaction, 
Bridges reinforcement
Mineral bridges, which play a critical role in developing nacre's impressive mechanical attributes, were first investigated in 2001 by Song et al. 19 . Freeze-casting is a feasible method to fabricate inorganic bridges between lamellar scaffolds by trapping inorganic particles with growing ice 85, 86 . The introduction of inorganic bridges in nacre-inspired bulk materials could indeed promote their mechanical properties, which has also been demonstrated by Ritchie and Tomsia's studies 87, 88 . However, due to the intermittence of the trapping of the inorganic particles by the growing ice through the traditional freeze-casting method, the bridges fabricated above were infrequent and random, which limited the reinforcement of the bridges. Recently, Guo et al. 89 developed a modified ice-templating method to synthesize a lamellar alumina skeleton with ordered alumina bridges (also called a 3D interlocking skeleton). Introducing SCMC to control the movement speed of alumina nanoparticles as well as the ice-freezing process was the key to fabricating ordered bridges connected to the lamellae, called a 3D interlocking structure (3D IL). The morphology of the skeleton before (Fig. 11a) and after (Fig. 11b ) sintering clearly showed a uniform 3D IL structure. After combination with a cyanate ester (CE), a bridge-reinforced Al 2 O 3 -CE bulk composite was formed (Fig. 11c) . The composite showed a high flexural strength of~300 MPa along with a remarkable fracture strain of 5% (Fig. 11d) . The strength of the composite was approximatively equal to that of alumina tablets (360 MPa), while the fracture strain was 50 times higher than that of alumina tablets (0.1%), as shown in Fig. 11d . In addition, a standard split Hopkinson pressure bar (SHPB) system was employed to test the shock resistance of the composites, as shown in Fig. 11e . Clearly, the 3D IL sample is notable in both the quasi-static and dynamic compressive tests, and the dynamic loading fracture strength (280 MPa) of the 3D IL sample is much higher than that under quasi-static loading (125 MPa), indicating that the 3D IL sample was indeed shock resistant. Furthermore, the failure strength of the 3D IL sample at high shock speed (10 4 /s) is approximately two times greater that of the LC composite (150 MPa). Owing to the strong support of the bridge-reinforced lamellar structure, the 3D IL composite was the best combination of strength and toughness compared to similar inorganic/organic composites and exhibited the highest specific strength among alumina-based bulk composites. Long-range crack deflection and breaking of alumina bridges (Fig. 11h-j) along with multiple cracks, crack bridging and layer sliding (Fig. 11h) contributed to the high quasi-static mechanical performance. The ultra-strong support reinforcement (Fig. 11l) provided by the 3D IL structure was the reason for the enhancement in dynamic properties.
The MASC method is another efficient way to introduce inorganic bridges into nacre-inspired bulk materials owing to the sintering of precoated ceramic . For instance, Studart et al. 79 coated alumina platelets with silica or alumina particles associated with superparamagnetic iron oxide nanoparticles. After the particle-coated alumina platelets were assembled to a lamellar structure through the MASC method, cold or hot pressing was conducted on the MASC product to sinter the silica or alumina particles on the surface of opposing adjacent platelets to form bridges. As a result, the bridge-reinforced alumina-based lamellar composites show a marvelous combination of flexural strength and toughness, i.e., 650 MPa and 14 MPa*m 0.5 , respectively. Moreover, the influence of different fractions of the mineral bridges in the nacre-inspired composites was also investigated by Studart et al. 92 . They successfully synthesized alumina-epoxy lamellar composites with different contents of titania bridges and demonstrated that a greater fraction of mineral bridges would result in stronger, stiffer, and tougher composites.
High hard-phase content
The hard phase (CaCO 3 platelets) in nacre mainly contributes to nacre's strength improvement, and the content of the hard phase in nacre is up to 95%. Thus, increasing the hard phase content in 3D nacre-inspired composites could promote their mechanical performance, especially their strength. The lamellar composites with high hard-phase content were first obtained through layer-by-layer hand-lay-up macroscopic slabs 93, 94 . For instance, Schneider and Wagner et al. 93 increased the content of alumina in nacre-inspired composites to 90% by coating a 1-2-μm-thick layer of PMMA or PVA on the surface of alumina slabs with a thickness of 0.25-1.25 mm and subsequently holding them together. The fracture strength of the composite was increased to~320 MPa, although its much thicker layer than that of natural nacre (CaCO 3 , 500-600 nm and protein, 10-20 nm) greatly limited the performance improvement.
To maximize the advantages of high hard-phase content, it is necessary to decrease the size of the lamellar structure to the submicron scale. Deville et al. 95 have successfully synthesized alumina-based nacre-inspired composites with an~98% content of alumina (higher than that of natural nacre) through freeze-casting and subsequent thermal-pressing (Fig. 12a) , providing an alumina layer thickness of~500 nm, similar to that of nacre. In addition, glasses (silica-calcia liquid phase) were used as the soft phase instead of polymers to further promote the mechanical properties. SEM images are shown in Fig. 12b-d . The flexural strength of the composites exhibited an ultrahigh value of~470 MPa, which was almost the same as that of pure alumina, while the toughness was up to 22 MPa*m 0.5 ( Fig. 12e) , which is five times higher than that of pure alumina. The aluminabased composite mimics nacre not only with regard to its architecture but also with regard to its micro/nanosize and hard phase content.
Controllable mineralization is of high interest because it can generate highly tunable microstructures in the macrorange and with high hard phase content 96 103 . With a deeper understanding of the mineralization of nacre, Yu and Colfen et al. 83 innovatively mimicked nacre's biomineralization in synthetic materials. In particular, they synthesized a chitosan lamellar scaffold via an ice-templating method, and Ca 2+ was subsequently mineralized on the surface of the scaffold to form a lamellar CaCO 3 scaffold through numerous cycles (Fig. 12f) . CaCO 3 -silk fibroin composites with a 91% content of CaCO 3 were fabricated (Figs. 12g,h ) after interfiling and hot pressing the silk fibroin; the structure of these composites was the closest to that of nacre to date. As a result, the mechanical behaviors of the CaCO 3 -based artificial nacre, such as crack deflection, crack branching (Fig. 12i ) and interlamellar debonding (Fig. 12j) , was almost the same as that in nacre.
Interface modification
Similar to the enhancement strategies in 1D fibers and 2D films, modifying the interfaces between different phases in nacre-inspired bulk materials could also improve their mechanical performance. Ritchie et al. grafted methacrylate onto ceramic surfaces before PMMA inter-filtration to promote stronger covalent bonding between the two phases, and the flexural strength of the grafted sample was almost two times higher than that of the non-grafted one 87 . Recently, mimicking nacre's lamellar structure in supercrystals has been achieved by Schneider et al., and the mechanical properties were much improved after interface modification 81 . Specifically, spherical iron oxide nanoparticles were coated with oleic acid and then selfassembled into supercrystals by slow evaporation of the solvent (Fig. 13a) . After pressing and thermal treatment at 350°C, the oleic acid was crosslinked, and faceting of the iron oxide nanoparticles was started (Fig. 13a) . The lamellar structure can be easily distinguished (Fig. 13b) , and the iron oxide nanoparticles were separated by the organic layer (Fig. 13c) . The bending mechanical test showed that the flexural strength of oleic acid-crosslinked composites (annealed at 350°C) reached 630 MPa, which was two times higher than that of samples without crosslinking (annealed at 250°C) (Fig. 13d) . The observation of only a few grain boundaries without pores and cracks on the fracture surface of the nacre-like composites (Fig. 13e-g ) demonstrated the importance of interface modification, which led to improved mechanical properties.
In addition to modifying the chemical state of the interfaces between two phases, the geometry of the interface can also be modified through additive manufacturing methods such as laser engraving 104, 105 . For instance, Barthelat et al 105 . engraved borosilicate glass using a 3D laser engraving method, in which a UV laser was directed and focused at predefined points in space using a set of mirrors and a focusing lens (Fig. 13h) . After polyurethane (PU) was interfiled into an interface engraved by the UV laser, a nacre-like bulk glass were formed. By controlling the program, the interface geometry could be manipulated into a bowtie (Fig. 13i, j) to introduce additional resistance to deformation and prevent the localization of the strains. As a result, the nacrelike bulk glass showed a remarkable fracture strain, which was up to 20% (Fig. 13k) . Huge amounts of crack deformation could be observed (Fig. 13k) during the loading process, which replicated the toughening mechanism of nacre. Owing to interface modification, the glasses with a bowtie-like interface showed a 1.5 times higher toughness than those with a flat interface (Fig. 13l) .
Applications
Nacre-inspired composites with different macroscopic dimensions show exceptional mechanical properties as reviewed above; therefore, they represent alternatives for replacing traditional engineering materials, such as alloys, plastics, and ceramics (Fig. 14a) 106 . In addition, by modifying high mechanical performance materials, nacre-inspired composites exhibit potential applications in fields including electric cables, fire-retardant materials, gas barriers, nanogenerators, and supercapacitors ( Fig. 14b-f ) 47, 52, [107] [108] [109] . 1D nacre-inspired graphene-based fibers showing a combination of high mechanical performance and electric properties are suitable for applications in electricity transformation. For instance, after thermal treatment at 2800°C, the twisted graphene-based nacre-like fibers showed an ultrahigh conductivity of 416 S/cm 47 . Zhang et al. 44 . reported an annealed graphene-based 1D fiber with both a high strength (378 MPa) and a high conductivity (285 S/cm).
Some 2D nacre-inspired clay/ceramic-based films show good physical barrier properties, such as fire-retardant 52 and gas-barrier characteristics 110, 111 . For instance, Walther et al. reported an MTM-based nacre-like films with excellent fire-shielding properties. The film kept its shape after exposure to fire (Fig. 14c ) 52 . The ordered layered structure could prevent oxygen from transferring into the composite and reduce fuel transport into a flame, thereby weakening the combustion. Ebina et al 110 . synthesized a flexible transparent clay-based film with high gas-barrier properties, showing an oxygen permeability as low as 0.074 cm 3 /m 2 /day/atm. The key factor for its gas-barrier properties was its alignment parallel to the substrate, which can extend the diffusion path of gas and decrease the gas transmission rate. In addition, sulfonated aniline trimer (SAT)-coated GO-epoxy nacre-like films showed enhanced corrosion protection owing to the longer and more circuitous diffusion pathway of the corrosive medium generated by the lamellar structure and the excellent solvent solubility induced by the SAT 112 . Some 2D nacre-inspired graphene-based films show potential applications in nanodevices and flexible supercapacitors. For instance, Guo et al. 108 fabricated a 2D nanofluidic nanogenerator based on a bio-inspired graphene-based hydrogel film, which was an efficient device for converting mechanical/thermal energy into electricity. Yang et al. 109 synthesized a chemically converted graphene (CCG)-based hydrogel film with high supercapacitor performance. Water was demonstrated here to serve as a spacer, preventing the restacking of CCG, which led to the high supercapacitor performance.
3D nacre-inspired bulk materials show excellent performance in terms of their light weight, strength and toughness, making them suitable for use as engineering materials. For instance, the bridge-reinforced alumina-CE composite showed a flexural strength comparable to that of steel but a density that is~1.8 g/cm 3 , a quarter of that of steel 89, 106 . Replacing steel with these novel composites in industry is a potential approach to achieve industrial weight loss.
CONCLUSION AND OUTLOOK
Mimicking nacre's hierarchical brick-and-mortar structure in artificial materials is an efficient approach to achieve high mechanical performance structural materials. Since 2003, when the first nacre-inspired 2D film was synthesized via the LBL method, numerous nacre-inspired composites, including 1D fibers, 2D films, and 3D bulk materials, have been fabricated. In this review, we summarize the recent achievements in nacreinspired composites classified by different dimensions and focus on novel strategies for further improving their mechanical properties. Although distinctions can be obviously seen between different cases of preparing nacreinspired composites, it is abundantly clear that the enhancement strategies can be classified according to the following two aspects: promoting interfacial interactions and tuning the nano/microstructure. Specifically, for 1D fibers, polymer crosslinking and ionic crosslinking are considered the primary strategies for enhancing performance, as they are efficient in enhancing interfacial interactions; other strategies include twisting, making fibers more ordered and decreasing their defects. For 2D films, according to the concept of interface design, synergetic effects generated by interfacial crosslinking, nanofiber reinforcement and nanosheet reinforcement are often adopted to improve mechanical performance. For 3D bulk materials, reinforcing the structure by introducing bridges, increasing the hard phase content and improving interfacial interactions by modifying the interface are alternative approaches for optimizing the mechanical properties. The mechanical performance and functional properties of the recently reported macroscopic nacre-inspired composites are summarized in Table 1 . The mechanical properties of almost all of them are superior to those of nacre.
Although the mechanical properties of nacre-inspired artificial materials can be improved through the strategies mentioned above, replicating all the structural features of nacre simultaneously at multiple scales, including polymer behavior and interfacial interactions at the molecular level, bridges at the nanoscale, lamellar scaffolds at the microscale and high hard-phase content at the macroscopic scale, remains challenge. To combat this, novel strategies that combine increasing interfacial interactions and tuning the micro/nanostructure are necessary to synthesize macroscopic materials with a much closer nacre-mimetic architecture.
While we prepared our review of the development of nacre-inspired composites, we noticed that more literature reports on 2D films have been published than those on 1D and 3D materials. A possible reason is that 1D macroscopic structures would partially damage the lamellar structure, while for 3D materials, it is difficult to guarantee the regularity of the whole lamellar structure. When considering the incorporation of a uniform brickand-mortar structure into a target material, this challenge cannot be ignored, especially for those materials with a complicated macroscopic shape, such as the turbine blade of an aeroengine. Recently, complex-shape ceramics (Fig. 15a-d) were obtained by self-shaping via magnetic alignment and programmed heat treatment 113 , although the relatively irregular microstructure of complex-shape ceramics compared to that of nacre limits their mechanical performance. Thus, the synthesis of uniform nacreinspired materials with a target shape, especially those with a large and complex shape, is urgently need for further progress.
Mass production is a prerequisite of applications of nacre-inspired composites, but to date, it has been still hard to achieve until now. Recently, Yu and Colfen et al. have successfully developed a method to synthesize largesize 3D nacre-inspired bulk composites by laminating prefabricated two-dimensional nacre-mimetic films (Fig. 15e,  f) 114 . Although this strategy has no size restriction or fundamental barrier for further scale-up, the size of the synthesized materials was several centimeters in the lab, which is far from meeting the demands of industrial application. As a result, simplifying and modifying the synthesis strategy to make them much more suitable for scaling up the production of nacre-inspired composites with a uniform microstructure will continue to attract the interests of scientists and engineers. In summary, nacre-inspired composites with different macroscopic dimensions provide a new approach for high mechanical performance structural materials as well as some unique functional materials. By increasing our understanding of the relationship between structure and properties, materials with better performance will be achieved, and their applications will be broadened in the near future.
